This paper investigates the hydrological response of glacierized headwater catchments to future climate change in the Ötztal Alps, Austria. To this end, two conceptual hydrological models, HBV (Hydrologiska Byråns Vattenbalansavdelning) and HQsim, are applied for the simulation of future daily discharge in three (nested) catchments with varying degrees of glaciation. The models are forced with downscaled climate change projections, and outputs from an empirical glacier model, which is able to simulate future glacial evolution. Under the future conditions, the outcomes show initially that runoff increases for all catchments without changes in the runoff regimes. In the long term, summer runoff is expected to decrease and winter/spring runoff is expected to increase in all catchments. These runoff changes are accompanied with regime shifts from glacial/glacio-nival runoff regimes to runoff regimes with a higher nival component. Changing runoff conditions might also lead to changes in the seasonality of annual flood peaks with an earlier appearance of flood peaks, and an increasing appearance of low flow conditions during summer months. The outcomes of the two hydrological models show minor differences. The results of this study provide improved understanding of the future impact of climate change on the water cycle of glacierized Alpine catchments.
INTRODUCTION
Millions of citizens living in large river basins are dependent on the water supply from mountain ranges, such as the Himalayas and the European Alps (EEA ; Immerzeel et al. ). The water supply is thereby largely determined by the contribution of meltwater originating from glaciers and snow storage. Water supply is generally lowest during winter as water is stored in the form of snow and ice, and highest during the summer season (i.e. when water demand is high) (Casassa et al. ) . The timing and magnitude of water supply underlines the hydrological importance of mountain ranges for river basins and therefore mountain ranges can be defined as the 'water towers' of these areas (Viviroli et al. ) . Viviroli & Weingartner () show for instance that the European Alps have a mean contribution varying from 26% to 53% to the total discharge at the outlets of the Danube and Po Rivers, respectively. In summer, the mean contributions are even higher with proportions varying from 36 to 80% for the same respective rivers, which is caused by a combination of high amounts of meltwater originating from glaciers and snow storages located in the Alps and an evapotranspiration surplus in lowland regions. ) and seasonal snow cover will decline, which eventually will affect runoff characteristics (Huss et al. ; Salzmann et al. ) . These changes are considered to have consequences for the water availability of, for instance, drinking water supply, agricultural purposes (e.g. irrigation), and energy production (e.g. hydropower) (Immerzeel et al. ; Viviroli et al. ) , especially for water originating from glacierized headwater catchments. For this reason, it is important to understand and assess the impact of climate change on the hydrology of these catchments and to use this knowledge for developing adaptation strategies that aim at reducing the possible adverse impacts in light of integrated water resources management (IWRM).
There have been quite a number of studies dedicated to assessing the impact of climate change on runoff characteristics in glacierized headwater catchments. To assess these impacts, mostly conceptual hydrological models (e.g. Berg- The aim of this study is to investigate how glacierized catchments in the Ötztal Alps (Austria) will respond hydrologically to future climate change. To this end, we apply two conceptual semi-distributed hydrological models with different degrees of complexity, HBV (Light) and HQsim, to three different catchments in the Ötztal Alps. These models are forced with downscaled climate change projections and outputs from an empirical glacier model, able to simulate future glacial evolution as a result of climate change. Subsequently, the outcomes of the hydrological models are used to analyse changes in the seasonality of high runoff conditions, absolute changes, relative changes, the seasonality of annual flood peaks, and low flow characteristics. This study stands out compared to previous studies in the region (e.g. Tecklenburg et al. ) in that it is first to use a combination of multiple hydrological models, multiple downscaled climate models, and a glacier model. It is expected that the changes estimated from these catchments are exemplary for changes in the drier parts of the European Alpine regions.
The remainder of the paper is set up as follows. First, the study area is described, followed by a description of data and methods used, i.e. the field data, the hydrological modelling, the future climate forcing, and modelling change of glacial extent. Next, results are presented and discussed, followed by the main conclusions.
STUDY AREA
This study focuses on catchments in the Ötztal Alps, which are the catchments of the Ötztaler Ache (ÖA) and its headwaters, the Venter Ache (VA) and the Gurgler Ache (GA).
The reason for choosing the Ötztal Alps as the study area is the high research activity and data availability in this area.
The ÖA, located in the Austrian Federal Province of Tyrol (see Figure 1 ), is, with a total length of 67 km, the largest tributary of the river Inn (Achleitner et al. ) . In the ÖA catchment (catchment area of 891 km 2 ) elevation ranges from 710 to 3,766 m above sea level (a.s.l.). The degree of glaciation is 11.7% (based on the Austrian glacier inventory of 2006; Abermann et al. ). In the headwaters of the VA (catchment area of 165 km 2 ) and GA (catchment area of 72 km 2 ) the degree of glaciation is 32.2% and 29.4%, respectively. The higher parts of the ÖA catchment are dominated by glacial cover and bare vegetated rock surfaces where coniferous woodlands and alpine meadows are the main land cover types in the lower parts (coordination of Information on the Environment (CORINE) land cover (Bossard et al. ) ). The ÖA catchment experiences a dry inner-alpine climate with annual precipitation sums varying from 650 mm (Umhausen; 1,041 m a.s.l.) to 850 mm (Obergurgl; 1,938 m a.s.l.) (ZAMG ) with the highest precipitation sums in the summer period, mainly due to convective events (Hagg ) , and the lowest precipitation sums in the winter period. The explanation for the comparatively dry climate is that the Ötztal is shielded from precipitation deriving from the north (Northern 
DATA AND METHODS

Field data
In this study, the following field data were used as input for HBV and HQsim:
• daily air temperature and precipitation;
• daily-observed discharge; • digital terrain model (DTM), with 10 × 10 m 2 resolution; • land cover data;
• soil maps (only for HQsim); and • glacier cover data. of 0 m a.s.l.) and daily temperature gradients were composed for the entire catchment of the ÖA. These series were composed by a simple linear regression analysis using the daily temperature data of meteorological stations as input, and were subsequently used to calculate daily temperature for the mean elevation of each HRU. In order to calculate daily precipitation for each HRU, daily precipitation data were projected on a 5 × 5 km 2 grid, using inverse distance weighting as a methodological approach to interpolate precipitation data from meteorological stations to the grid points. Finally, the gridded precipitation data were weighted for each HRU, based on the areal weight of each HRU inside a grid cell. The type of precipitation depends on the temperature. Precipitation may occur as rain, snow or as a rain-snow mixture.
In HBV, elevation was used in combination with land cover and glacial extent to determine aspect-elevation area distributions for the different vegetation zones used in HBV (for this study the maximum number of three vegetation zones was applied, representing glacial cover, bare vegetated rock surfaces and vegetated areas (woodlands and meadows)). For the application of daily temperature in HBV, the former composed time series of daily temperature data (considering a reference elevation of 0 m a.s.l.)
were used as input. The series of daily temperature gradients were however not applied in HBV, since only one value is required as temperature gradient in HBV. For the application of daily precipitation in HBV, single time series of daily precipitation data were composed from the gridded precipitation data for the catchments of the ÖA and the headwaters of the Venter and Ob separately. Dependent on temperature, precipitation may occur as rain or snow.
HBV and HQsim were calibrated and validated using manual calibration under a split-sample approach (Klemeš ). The models were both calibrated and validated for the same periods (see Table 2 ), although it has to be mentioned that for the calibration and validation of HBV a warming-up period (of 1 year) was needed in order to fill the reservoirs in the model. We chose to start the calibration in the late 1990s, because of the low data quality and availability in the 1980s and the beginning of the 1990s, making this period less feasible for calibration. For the VA, it was however not possible to start the calibration in the late 1990s since observed discharge time series were not avail- 1998 -2007 1998 -2007 Val. P. I 1987 -1997 1987 -1997 Val. P. II 2008 -2012 2008 -2012 GA following the SRES A1B scenario of the 4th IPCC assessment report: Note that a shift of 2 years exists between the period of meteorological input and the reference period due to data availability. However, this small difference is neglected with respect to the overall variability in climate data. The hydrological models HQsim and HBV were forced by delta change-modified time series related to projections that were resulting from each GCM-RCM combination.
The mean of the outcomes, resulting from the three different simulations, was used for the analysis of changes in runoff characteristics. Highest temperature changes were observed from the ALADIN simulation for all three periods (see Figure 2 ). The realisations based on REMO and RegCM3 showed similar changes, most likely as they were forced by the same GCMs. The precipitation changes were rather small compared to the natural variability. The peak increase of precipitation in October is seen in all three realisations, but is also accompanied by a high variability.
Modelling change in glacier extent
In HBV and HQsim, glacier melt is simulated by using different approaches. In HBV, glacier melt is simulated using a degreeday approach with aspect and albedo correction ( 2010-2039, 2040-2069, and 2070-2099) . Finally, HBV and HQsim were run for these periods with the glacial extent projections as input.
RESULTS
Calibration and validation
In the two validation periods. In the second validation period both models perform slightly better than in the first validation period with NSE values of 0.84 or higher.
The level of performance differs from season to season, but also among the different models and locations. These differences in performance are observable in the percent bias (PBIAS) between observed and simulated discharge of the period 1987-2012 (see Figure 4 ). Based on the assumption that a model performs well if the PBIAS is less than ±15% 
Change in future runoff
In Figure 5 , runoff regime changes are projected for the near (2010-2039), mid (2040-2069), and far future .
For Brunau, a glacial/glacio-nival regime is projected for the reference period with highest mean runoff values in July.
The near future projections indicate that no significant changes will appear. Changes express themselves mainly in small absolute and relative changes that generally occur in April/May (see Appendix Tables A1 and A2, With a decline in snow-covered area, snow storage reduces, meaning that large volumes of precipitation cannot be stored any more. Normally, high fractions of snow-covered area ensure low runoff conditions during winter, but with a decreasing amount of snow storage, low runoff conditions cannot be sustained any more. Eventually the combination of shorter snowpack durations, higher direct runoff fractions, and declining snow-covered areas will result in runoff increases during the winter/spring period.
In the mid and far future, the earlier onset of snowmelt, lower fractions of solid precipitation, and a rise of the snowline are also likely to be the main drivers of runoff increases during winter/spring. For the summer runoff, reduction of glacial areas, a decrease in precipitation, and an increase in evapotranspiration are supposed to be the main drivers of decreases in runoff. The reason for the shift from summer runoff increases in the near future to summer runoff decreases in the mid and far future is likely to be that in the near future glacial thinning is the dominant melting process above glacial area reduction (see Figure 3) , which means runoff regimes do not change and no decreases in runoff appear (Casassa et al. ) . In the mid and far future, glacial area reduction is projected to be more dominant, which means runoff regimes will shift and summer runoff will decrease.
Seasonality of annual flood peaks
The changes of the seasonality under future climate scenarios were investigated by analysing the occurrence date 
Low flow
Since summer runoff is expected to decrease in all catchments in the mid and far future, it is likely that future low flow frequency will increase at the same time. In order to investigate whether future low flow frequencies will increase or not, Flow Duration Curves (FDCs) (see For the catchments in this study the Q 70 /Q 95 thresholds were approximately estimated as 5.9/3.5 mm/day for Brunau, 9.8/4.4 mm/day for Obergurgl, and 8.0/3.2 mm/ day for Vent.
The Q 70 and Q 95 thresholds FDCs at Brunau show that low flow conditions will become more frequent in the mid and far future. An exception however is the mid future simulation of HBV with Q 95 as reference. The FDC of this simulation indicates that low flow conditions will become less frequent. For the more glacierized catchments of Obergurgl and Vent, the same trend of less frequent low flow conditions is projected for the mid and far future simulations of HBV and HQsim, using Q 95 as reference.
However, the mid future HQsim simulation for Obergurgl shows no change in low flow regime. Likewise, using Q 70 as reference, there will be no change either. All other mid To account for the temporal variability in degree-day factors, one may consider the use of physically based approaches including energy balance components in order to obtain a more sophisticated view on melt processes. The disadvantage is, however, that physically based approaches require more meteorological input variables (i.e. temperature, precipitation, incoming solar radiation, wind speed, and humidity, among others) than simplified temperature-index models ( Jost et al. ) . In addition, it is also found that simplified temperature-index models often outperform physically based energy-balance approaches on catchment scale (Hock ) , which is another reason one may use simplified temperature-index approaches.
CONCLUSIONS AND OUTLOOK
The aim of this study was to investigate how glacierized catchments in the Ötztal Alps (Austria) will respond hydrologically to future climate change. Two conceptual semi- Minor differences between the outcomes of the two hydrological models are found, which are mainly attributed to the structural differences between the two models. are gratefully acknowledged for the helpful discussions and comments. We thank two anonymous reviewers and the associate editor for their valuable remarks and suggestions, which contributed to improving this paper.
